Introduction
============

Invadopodia are extracellular matrix (ECM)-degrading membrane protrusions[@R1] present in invasive/motile cancer cells and used to degrade components of extracellular matrix in order to cross into new environments.[@R2] Invadopodia were identified in a number of invasive (solid) cancer cell lines, such as breast, head and neck, gastric, prostate, fibrosarcoma, and melanoma.[@R3] Recent evidence has demonstrated direct molecular links between invadopodium assembly and metastasis in mouse models[@R4] and human patients.[@R5] As metastasis is the primary reason for mortality of cancer patients and current chemotherapeutics primarily target proliferation, research into possible ways of targeting invadopodium is of the essence. Signaling circuitry of the invadopodium involves \> 50 structural and regulatory proteins,[@R1] many of them kinases and proteases amenable for inhibition by clinically approved drugs.

Under physiological conditions, a similar type of protrusion, podosomes, occur in monocytic cells[@R2]^,^[@R6] (e.g., macrophages, osteoclasts), endothelial cells,[@R7] and immature dendritic cells.[@R8] In addition, using developmental models, protrusions similar to invadopodia were recently characterized in motile cells of neural crest[@R9] and intestine of zebrafish,[@R10] as well as during organogenesis of *C. elegans*[@R11] (in anchor cell) and in urochodates.[@R12] While the general function of enabling migration across obstacles may arise in many species and under various conditions (development, inflammation, and cancer), there are clear differences in signaling and dynamics between invadopodia, podosomes, and invasive protrusions present during development. As the level of evolutionary similarity is unclear for now, translating conclusions between models is challenging and a direct study of invadopodia in tumors is irreplaceable for the development of new treatments.

In this commentary we will identify some of the challenges of studying invadopodium formation in the context of their natural environment and propose disciplinary integration as one of the needed directions for the future.

The Importance of Microscopy in the Study of Invadopodia
========================================================

Accumulating knowledge on molecular mechanisms of invadopodium assembly continuously adds to its complexity, as well as its challenging identification. We now know that invadopodia are not necessarily unique in their ECM-degrading function or enrichment in structural proteins compared with other motility-related compartments. Cortactin, a structural protein enriched in invadopodia, is also enriched within lamellipodia and within endosomal vesicles,[@R13] making it essential but not a specific marker for invadopodia. In addition, ECM degradation cannot be used as a unique marker either, as focal adhesions in cancer cells also degrade ECM, though to a smaller extent.[@R14] The importance of using multiple markers in invadopodium identification was heightened with the shift from 2D to 3D experiments[@R15] and studies in complex environments,[@R16] due to the heterogeneity of cell shapes and the lack of ventral orientation of invadopodia standardly seen in 2D, whereas invadopodia are seen at the tips of leading edge protrusions in 3D.[@R17] In summary, only a combination of morphology, structure, and functionality confirms invadopodia, and this can only be done by including direct visualization of cells via multicolor microscopy.

Another reason for using microscopy in the study of invadopodia is the need for time-resolved measurements. Such a need exists due to the fact that the invadopodium is a dynamic structure. It was shown that assembly of invadopodia is a reversible process, and even when all initial structural components are in place, not all invadopodia will have the same lifetime or reach the fully functional stage.[@R18] As a result, not all invadopodia fully mature to degrade ECM. To make a distinction between mature, fully functional invadopodia and those that disassemble prior to reaching the functional stage, the latter were termed invadopodium precursors.[@R1]^,^[@R18] Details of reversibility and conditions under which reversibility of the invadopodium precursors takes place in vivo are not clear as of yet and they may be determined by local concentrations of ligands in the microenvironment outside the cell, neighboring cells, or even stochastic noise in gene expression within the cell. In contrast, invadopodia, which do reach maturity and degrade ECM, are likely to disassemble following the degradation. In either of these cases, the invadopodium is under a constant change and it is not a permanent phenotype within a cell. Examples of changes among motility-related cellular phenotypes, or "phenotypic switches," were previously shown by artificially inducing permanent changes in gene expression, although it is likely such changes occur dynamically within a cell throughout its life cycle. One such study demonstrated that FAK levels could switch between focal adhesion and invadopodium production in motile breast cancer cells.[@R19] Further, depletion of individual WASP-family proteins, which can activate actin polymerization, WAVE2, or N-WASP, selectively eliminates lamellipodia or invadopodia.[@R20] To take such thinking further, phenotype switching may also lead the cell to exit motility altogether and enter phenotypes of mitosis, apoptosis, or senescence, an example of which may be found in go-or-grow model, which suggests an existence of a switch between cell proliferation and migration.[@R21]

Challenges of Spatial and Temporal Heterogeneity
================================================

As mentioned above, directed by the growing amount of evidence that cell microenvironments can dominate cell behavior, many studies of motility in cancer are now based on more complex, 3D environments, which contain multiple ECM components and multiple cell types or they utilize in vivo animal models. The main challenge of such approaches is the introduction of new levels of heterogeneity, such as heterogeneity of microenvironments surrounding cancer cells and (epi)genetic heterogeneity of cancer cells.

Heterogeneity and complexity of microenvironments
-------------------------------------------------

Use of purified ECM components, such as collagen I or fibronectin, and abundance of growth factors in the cell culture medium, offers simple and mostly homogeneous environment for cancer cells but cannot always emulate all the intricacies or behaviors detected in tissues. The introduction of more complex experimental models, including cell spheroids,[@R22] co-cultures, organotypic cultures,[@R23] tissue explants, engineered complex environments,[@R24] and in vivo models, assumes a spatial and temporal heterogeneity of cell environment, and hence, may lead to variable cell behaviors. Spatially, the local concentrations of growth factors, chemokines, and ECM-components that each tumor cell encounters are different, and temporally, they change as cells move or degrade the ECM. For example, tumor cells in a necrotic center, where microenvironment is more hypoxic, behave differently than those in the proliferating edge.[@R22] Next, direct contact with microenviroment components such as macrophages[@R25] or ECM[@R26] can change tumor cell behavior.

Finally, the phenotype of each cancer cell is a combined effect of several fluctuating signals from the surroundings,[@R27] including signals from other cancer cells. Hence, to understand spatio-temporal context of invadopodia and other motility-related structures in complex environments, it is important to study in concert multiple microenvironment parameters and link these to invadopodia and/or other present phenotypes. For such a study to be successful, a large amount of data from different modalities needs to be collected, simultaneously or sequentially, and in turn, processed using machine-learning and statistical modeling techniques. In in vitro models, standard imaging technologies such as confocal microscopy can be used while microenvironmental conditions are easily controlled, making the systematic analysis of multiple parameters straight forward. In in vivo models, recent advances in multiparametric monitoring of microenvironment at high-resolution[@R28]^-^[@R30] are paving the way for direct observations. While it is very challenging to control the in vivo experimental conditions, a natural heterogeneity of animal models can be used to our benefit, as it inherently provides a wide range of micronvironmental conditions.

Heterogeneity of cancer cells and the use of -omics
---------------------------------------------------

Depending on the experimental model and the scale of the question (molecular, cellular, tissue, whole animal, and population), researchers are also challenged with cancer cells' heterogeneity, either genetically encoded or epigenetic (in response to the microenvironment). Genetic and epigenetic heterogeneity translate to phenotypic and functional heterogeneities. In cell cultures, we can create homogeneous environments and avoid epigenetic heterogeneity, but due to the high genomic instability (ie. high mutation rate) in cancer, even clonal cell lines slowly change their genetic profiles over time, causing inter-cellular heterogeneity. When the cell lines are injected into animals to create xenograft tumors, additional epigenetic heterogeneity is unavoidable. Cell--cell and cell--ECM interactions create unique microenvironments, which are also highly heterogeneous, inducing additional fluctuations in gene expression and modifications in (post-)transcriptional or translational profiles. Many imaging studies nowadays use transgenic mouse models, which have a full repertoire of immune cells and form spontaneous tumors, exhibiting all tumor progression stages.[@R28]^,^[@R30] Use of transgenic animals introduces additional intra-tumor (subclonal) heterogeneity as a result of branched tumor evolution.[@R31] Finally, heterotransplants of primary cell lines or patient tissue in animals exhibit yet another level of heterogeneity, intra-tumoral, originating in diverse genetic backgrounds of the patients. The build-up of different levels of heterogeneity may lead to experimental outcomes different or opposite from intuition, sometimes even cases where all major components of the system are well-described.[@R32]

Interestingly, even with all the levels of heterogeneity that we observe in cancer, the number of cell phenotypes we detect, both in culture models and primary tumors, is limited, and the underlying mechanisms of cell motility and proliferation are conserved. This means that even with infinite combinations of chemical and mechanical signals at different levels, there are only a few phenotypes that cancer cells will assume throughout their life cycle. In a similar fashion, functions of all known driver genes (\~140 altered by mutations)[@R33] funnel into 12 signaling pathways, which control cell fate, cell survival, and genome maintenance.[@R33] In summary, these observations suggest that the vast complexity has an underlying order and rules we are yet to discover.

So far, we were focusing on studies of individual signals or phenotypes, in a reductionist manner. But what if we were to look at cell phenotypes in the context of their immediate microenvironments in a holistic manner? That is, determining the combined effect of all observed microenvironmental parameters on cell phenotypic fate. What are the microenvironmental conditions under which invadopodia assemble and function in complex environments and/or in vivo? Ability to link cell phenotypes, including invadopodia, to the cell's microenvironment as well as to the genetic profile, transcriptome, and proteome using RNA and DNA sequencing or mass spectrometry, all on small samples or single cells, will bring us closer to the understanding of context-specificity of cellular phenotypes, and possibly, to the rules of cellular decision-making. Inclusion of advanced statistical models for data analysis or mathematical modeling has a great potential to offer us with more mechanistic insights and many holistic/systemic approaches are quickly becoming standard in the fields of development and neuroscience. With such insights, we may be able to predict and potentially control invadopodium assembly and function. Based on the evidence we have so far on the link of invadopodia to metastasis,[@R1]^,^[@R4]^,^[@R5] identifying new targets in invadopodium assembly or targeting their switch into other cellular phenotypes (adhesion, migration, cell division, and apoptosis) may be an ideal strategy of preventing cancer progression.

Next we will explore how systems-level approaches can be integrated with the imaging studies of tumor cell motility and invasion.

Systems Microscopy---A Holistic Approach to Invadopodium Function, Motility, and Invasion
=========================================================================================

As portrayed in [Figure 1](#F1){ref-type="fig"}, "systems microscopy" of motile cells is defined here as the intersection of four different fields of research with overlapping roles in creating hypotheses, constructing experimental design and data interpretation. Initial observations that initiate research commonly come from the classical molecular and cell biology. As previously described, microscopy is essential for phenotype characterization in motile cells and its development continuously yields new breakthroughs in cell phenotype research. Images gathered in vivo provide both phenomenology which leads to engineering more precise, complex in vitro models as well as offers medium-throughput acquisition at single-cell resolution. Sequencing and other -omics technologies provide (epi)genetic cell profiles and the link between tumor cells phenotype and microenvironment characteristics. Finally, in silico modeling offers integration of different levels of information. Statistical modeling and bioinformatics handles analysis of high-throughput data, while mathematical modeling (multiscale, dynamical systems, etc.) are an ideal tool for abstracting fundamental processes and developing predictions of cellular behavior. The computational and theoretical considerations can further be used to create and support new hypotheses that are further validated experimentally.

![**Figure 1.** Proposed workflow for systems microscopy of invadopodia, cell motility, and invasion.](cam-8-273-g1){#F1}

Although the emergence of systems microscopy has been predicted a few years ago,[@R34] due to the numerous challenges in data standardization and integration, and the need for work in large teams, creating a modular platform encompassing four disciplines may take another decade. However, the process is underway and the advantages can be demonstrated by several studies, which incorporate systems-level approaches to imaging and cell biology of invadopodia and motility:

-   In the last decade, Condeelis group has published a series of studies establishing the link between in vivo tumor cell phenotypes present in metastatic tumors and the underlying genotypes, making the first steps toward the molecular mechanism of tumor cell motility in vivo.[@R35]^-^[@R38] This was done by a combination of intravital multiphoton microscopy, in vivo collection of migratory cells, as well as genomics to dissect phenotypes of directional migration in single cells[@R35]^-^[@R37] and multicellular streams.[@R38] Gene expression signatures of migratory cells which accompanied the changes in cell phenotypes were conserved in a number of animal models, including xenografts and patient transplants, and were further demonstrated to be predictors of clinical outcome.[@R37]

-   The Courtneidge group has devised a high-content screening assay for activators and inhibitors of invadopodium formation.[@R39] They labeled and imaged actin and nuclei in cancer cells; images were then processed automatically for a series of parameters, including size, morphology, and number of nuclei and invadopodia. Compounds that modify invadopodium number without inducing cytotoxicity were chosen and validated, leading to the discovery of Cdk family role in invadopodium and adhesion formation.

-   Weaver and colleagues have recently found that PI3K and PICα, interacting regulators of cytoskeleton, control focal adhesion transition to invadopodia. To reach this conclusion, they have used integration of cluster analysis of primary tumors, literature-mining-based network analysis, and microscopy of cancer cell lines with different PI3K mutants.[@R40]

-   In collaboration with Quaranta and Anderson groups, Weaver et al. have also made steps toward the integrated cell-decision model. In particular, they have combined microscopy-based measurements of ECM degradation, proliferation, and cell velocities with mathematical models of cell phenotypic changes and game theory modeling, putting an evolutionary spin on tumor progression.[@R41] Their study suggests that the invasiveness of cancer cells increases as their proliferation and migration evolves to be less dependent on perturbations in microenvironmental parameters such as oxygen, nutrients, chemokines, free space, and ECM architecture.

-   Lauffenburger's group has published a series of systems-level studies on how the balance among multiple parameters, both internal (e.g., receptor density) as well as environmental (matrix stiffness, composition, etc.) affects cell phenotype. Using computational modeling of cancer cell motility integrated with speed and force measurements, they have shown that migration speed is a balancing equation between drag force (dependent on matrix stiffness), adhesive forces (dependent on number of adhesion receptors), and protrusive forces, also unequivocally demonstrating different mechanisms of migration in 2D and 3D environments.[@R42]^,^[@R43]

-   Sahai's lab has taken the approach of mathematically modeling different modes (phenotypes) of migratory cells and how they are controlled by matrix geometry. They made use of agent-based modeling to correctly predict the effect of different combinations of kinase inhibitors and integrin depletion both in cell culture and in vivo*,* which was demonstrated using intravital imaging in mouse model.[@R44]

These studies demonstrate feasibility of integration between microscopy and computational considerations, such as mathematical modeling or network analysis, demonstrating that systems-level studies hold promise to generating novel insights and hypotheses. For further reading, a recent review covers use of engineering in developing novel biomaterials and in multi-scale modeling of invasion.[@R24] In addition to these subjects, a number of technologies, platforms, and databases that were developed for both invasion and other applications (development, neuroscience) may in the future be essential for augmenting classical biology studies of invadopodia and motility into integrative, systems-level research. For example, great effort has been invested to automate image acquisition, annotation, processing, and analysis in live cells or whole embryos. Some of the most notable work has been done on development of automated RNAi and drug screening techniques.[@R45] Technology for automated dynamic proteomics includes fluorescent tagging of \> 1000 proteins from the library to asses heterogeneity and dynamics of drug response in individual cancer cells. Next, algorithms such as Focal Adhesion Analysis Software (FAAS), for multi-parametric, high-throughput analysis, tracking, and quantification of focal adhesions[@R46]or Cellcognition,[@R47] for phenotypic classification using machine-learning and Hidden Markov Models (HMM), were recently produced. The emerging field of Bioimage informatics (or image-based systems biology), with overview of useful software tools and databases has been recently covered in Nature Methods.[@R48] Intravital microscopy has taken steps toward higher imaging throughput,[@R28] ability to image abdominal organs,[@R49] and do immunofluorescent procedures in vivo.[@R50] Moreover, we can now relocate tumor microenvironments using internal landmarks,[@R51] photo-tatooing,[@R52] or photoconversion,[@R53]^,^[@R54] which allows for longitudinal studies, correlative histology, and may be used to link genotype/transcriptome and phenotype in the future experimental pipelines. To that end, transcriptomics can now be done on single cell level.[@R55]

Finally, a data-mining approach directly applicable to the field of cell motility recently led to assembling the integrin adhesome network, revealing separate functional subnets in integrin control of cytoskeletal organization, adhesion, and migration.[@R56]

The biggest challenge for the future is to create a universal platform which can cover all sub-disciplines. One of the technical problems we are facing is how to standardize the interface between the fields of inquiry, allowing an easy connection between machine learning, stochastic modeling, agent-based modeling, as well as mathematical models at cellular, and population levels. While crossing modalities and analyzing microscopy images has become pretty standard due to the efforts of Open Microscopy Consortium (OME, <https://www.openmicroscopy.org/site>), in analyzing -omics data, a special care needs to be taken that data are abstracted in a proper manner, preserving the information for the potentially unknown, new ways to probe the source of data. Further challenges involve educating the next generation of young scientists in biology, microscopy, as well as quantitative approaches, and building infrastructure, which houses both microscopy and -omics equipment.

All developments discussed lead us toward integration of molecular and cell biology and microscopy with the use of complex environments (both engineered and in vivo) and computational considerations. We will next illustrate how systems microscopy approach may contribute to both the basic and translational research of invadopodia and cancer cell motility.

What the Future Might Bring
===========================

The spatio-temporal context of invadopodia and other motility-related structures in complex environments is essential in order to deepen our understanding of cancer cell motility process. Information on microenvironmental parameters, which may catalyze or simply allow presence of different phenotypes or phenotypic switching, will allow us to move the focus from the differences (between lamellipodia, invadopodia, podosomes, adhesions, etc.) to the universalities and commonalities of motility-related structures. Due to the abundance of questions we have about motility, most studies tend to focus on individual compartments in the cell. However, all motility-related structures are a part of the same continuous motility cycle, and apparent differences actually originate from the momentary communication of the cell with the surrounding environment. Viewing the entire motility cycle holistically may help us to derive the underlying principles of cell decision-making. This would open up the possibility of predicting cellular behavior for any range of local conditions, by data-fitting into statistical models and machine-learning classifications or abstracting essential components of the process into mechanistic models. Ideally, such efforts may end in a unified cellular-decision model.

Another important avenue in which invadopodia contextualization is of essence is a direct application to early diagnosis of breast cancer metastasis, and in turn, development of new metastasis treatments. Due to the small size of invadopodia and a lack of specific molecular markers, which would undoubtedly point to their location, screening for invadopodia in complex environments such as the animal or human tissue sections is a challenging task. Monitoring and understanding the spatio-temporal contexts in which invadopodia are likely to be present will make invadopodium localization and quantification in vivo possible. Going further, correlating invadopodium appearance with metastatic potential in patients would allow for development of personalized treatments. For example, based on the increasing counts of invadopodia in biopsies, we will be able to predict the timing of the peak counts and determine when is best to treat patients with invadopodium-targeting drugs.[@R57] Such an approach may greatly help in reducing off-target effects and immune system perturbations. On the more speculative side, our increased capacity to characterize tumor microenvironments and draw their limits may result in ability to target individual microenvironments in localized treatments.

To that end, systems microscopy will not only contribute to the understanding of basic biological processes, but also brings us closer to individualized medicine.
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